Abstract-Protein abundance in quantitative proteomics is often based on observed spectral features derived from LC-MS experiments. Peak intensities are largely non-Normal in distribution. Furthermore, LC-MS data frequently have large proportions of missing peak intensities due to censoring mechanisms on low-abundance spectral features. Recognizing that the observed peak intensities detected with the LC-MS method are all positive, skewed and often left-censored, we propose using survival methodology to carry out differential expression analysis of proteins. Various standard statistical techniques including nonparametric tests such as the Kolmogorov-Smirnov and WilcoxonMann-Whitney rank sum tests, and the parametric survival model, accelerated failure time model with the Weibull distribution were used to detect any differentially expressed proteins. The statistical operating characteristics of each method are explored using both real and simulated data set.
I. INTRODUCTION
Proteomics is a growing field which deals with the determination of gene and cellular function at the protein level [1] . It is often of interest to the protein researcher to identify as well as quantify the amount of protein in a given biological sample. Several methods and instruments are available for both the identification and quantitation of peptides within proteins, including the bottom-up liquid chromatography mass spectrometry (LC-MS) approach. In the LC-MS approach, proteins are extracted from the biological sample, digested into peptides and ionized [6] . Following the ionization step, the ionized sample is introduced to the mass spectrometer for scanning, where the mass to charge (m/z) and observed peak intensities are obtained. Once the peak intensities are obtained, the observed features of the peptides are matched to a database for peptide identification. Following the identification step, the peptide level information is rolled up to the protein level [6] . It is often of interest to measure the abundance of proteins from the identified peptides in the sample; this is the quantitation step of the analysis.
In bottom-up mass spectrometry based quantitation, the estimation of protein abundances in a sample is typically carried out in one of three ways, namely, (1) spectral counts; (2) label free methods; or (3) isotopic labeling experiments.
Spectral counting is a label-free quantitation method which involves counting the number of observed peak intensities for a given protein in a sample [6] , [4] . Other label-free methods are based on the unlabeled peak intensities associated with the mass spectrum of the extracted ions [6] , [14] . Labelbased methods of quantitation, which are viewed as the "goldstandard" for measuring protein abundance, involve the ratio of the observed peak intensities of two isotopically labeled samples [6] , [4] . Once the protein abundances have been obtained it is often of interest to assess differentially expressed proteins across comparison groups. The differential analysis of protein expressions is a statistical task where biological samples are compared across comparison groups in search of proteins that differ in abundance. The goal of differential analysis is to differentiate features across groups which can be subsequently used for biomarker discovery or for providing additional clues for studying the causal pathways of the disease or the biological condition of interest [3] .
One of the characteristics of peak intensity data from LC-MS based proteomics is large quantities of missing data. The missing data patterns are often not independent of the peak intensities of the peptides [5] . To assess differentially expressed proteins across treatment groups, the observed peak intensities are often normalized, imputed and transformed. Once the data are transformed and imputed, standard statistical techniques such as the two-sample t-tests or linear regression methods are often applied to detect any significant differences in the protein expressions across the groups under the assumption that the data are normally distributed. The assumption of normality is often violated even for the transformed data. The proteinspecific t-test may also have insufficient power in detecting group differences due to the small sample sizes within each treatment group [2] or also due to the violation of the normality assumption. Standard statistical techniques such as the t-test or linear regression methods do not allow for the use of the all the characteristics of the data such as its positive nature and censoring patterns.
Alternatives to the parametric t-test are nonparametric tests such as the Wilcoxon-Mann-Whitney rank sum or the 2011 IEEE International Workshop on Genomic Signal Processing and Statistics December 4-6, 2011, San Antonio, Texas, USA 978-1-4673-0490-0/11/$26.00 ©2011 IEEE Kolmogorov-Smirnov tests. These tests are more desirable than their parametric counterpart since they do not make any strong distributional assumptions. However, as with the ttest, these tests are either carried out by either deleting the missing peak intensities or by imputation methods such as the K nearest neighbor (KNN) which assumes completely random missing patterns [12] . Therefore, standard statistical techniques which ignore the nature of the missingness are not ideal for detecting group differences.
LC-MS based proteomics data are non-negative and often left-censored [5] . The missingness of the peak intensities can be attributed to the low abundance peptides whose intensity levels are undetectable by the mass spectrometer [5] . In other words, the "peak height is below the instrument's detection threshold" [5] . To address this issue, we propose using techniques from survival analysis which were designed for modeling time to event data and also for handling censored observations. The observed peak intensities can be seen as having similar characteristics to survival time data since they are non-negative and censored. Furthermore, we provide evidence that raw peak intensities can be modeled with the Weibull distribution. Therefore, we propose the accelerated failure time (AFT) model with the Weibull distribution for detecting any differential protein expressions. The advantage of using this model is that it is equipped to handle positive data with censored observations. The goal of this study is to compare the use of the AFT Weibull model to standard statistical techniques such as the t-test, the Kolmogorov-Smirnov and rank sum tests to detect the differentially expressed proteins.
II. METHODS

A. Data Preprocessing
One of the challenges in proteomic analysis is determining how the peptide level information obtained for each peak height can be rolled up to the protein level. Analysis conducted at the peptide level for each protein is often desirable, however, such analysis isn't always feasible due to the level of missing data at the peptide level. In a peptide level analysis, the protein level abundance is expressed in terms of the peptide-level intensities and methods such as the mixed effects models are used in the analysis [5] . Several options are available for the peptide to protein roll-up in LC-MS based bottomup proteomics. These options include the RRollup, ZRollup and QRollup [11] . In the RRollup method, all peptides from a given protein are scaled based on a reference peptide and averaged to obtain a protein abundance for that given protein [11] . The ZRollup method involves standardizing at the peptide level using a method comparable to the z-scores prior to averaging to obtain the protein level abundance [11] . For the QRollup method, a user specified cutoff value is used to select the peptides for a given protein and the selected peptides are averaged across peptide level peak intensities to obtain protein-level abundances [11] .
For our current analysis, the peptide to protein roll-up was accomplished by averaging across the observed peptide peak intensities for all peptides associated with each protein to obtain protein-level data. Two missing data approaches were used to address the missing data at the protein level. We first assume that the data were missing at random [8] and applied the KNN method [12] to impute the data at the protein level following the peptide to protein roll-up. For the second approach, we assume that the missing data are censored and applied methods from survival analysis for detecting differentially expressed proteins. Specifically, under the assumption that the missing data are left-censored, we assume that the missing peak intensity for each sample at the protein level has a detection level that is lower than the lowest observed peak intensity for the given sample.
B. Data 1) Diabetes Study:
For our first application, we apply the various tests to the diabetes data studied by [5] . The diabetes data set is based on frozen human serum samples from the DASP between 2000-2009 [9] . The data consists of ten healthy control subjects and ten subjects with a recent diagnosis of type I diabetes mellitus. Six high-abundant plasma proteins that constitute approximately 85% of the total protein mass of human plasma were removed prior to extracting the serum. The samples were analyzed using the accurate mass and tag (AMT) method [10] , [13] . The final LC-FTICR MS datasets were processed using the PRISM Data Analysis system [7] .
2) Simulation Study: We simulated some data sets based on fitting a Weibull distribution to the peak intensities from the diabetes study. The parameters associated with the Weibull fit to the diabetes data were used to simulate data from the Weibull distribution under three levels of missingness. In the simulated data, 50% of the simulated data were made to be differentially expressed. The proportion of missing data considered are 5%, 25% and 45% while two approaches were used to handle the missing data. The first approach involved row mean imputations using the KNN technique while the second approach considered the missing data as left-censored observations. The simulated data sets were used to test for the performance of the methods considered for detection of differential expressions at the protein level. Figures 1 and 2 provide the Normal and Weibull probability plots for nine randomly selected proteins based on the untransformed raw peak intensities, respectively. The plots indicate that the normality assumption can be violated for some of the 175 proteins in the diabetes data, while the Weibull distribution provides an alternative distribution for fitting the raw peak intensities. The overall rate of missingness in the diabetes data was 24% at the protein level.
III. RESULTS
A. Diabetes Data
Several tests based on the parametric and nonparametric methods were compared to see which test had the highest power to detect any differentially expressed proteins. We first applied the two-sample t-test to the log 2 transformed data, using the KNN imputation method to impute the data at the protein level; 59% of the 175 proteins were found to be differentially expressed. Using the nonparametric approaches based on the Kolmogorov-Smirnov and Wilcoxon-Mann-Whitney rank sum tests, 62% and 63% of the proteins were found to be differentially expressed, respectively after imputation. The Weibull based AFT model with left-censoring found 70% of the proteins to be differentially expressed (Table 1) . Overall, we find that applying the t-test on the imputed data had the least power, while the AFT model applied to the leftcensored data had the highest power. From our analysis of the diabetic data, it appears that treating the missing data as left-censored is beneficial. We also find that the t-test applied to the transformed data performed as equally well as the non-parametric tests. However, the AFT model with the Weibull distribution outperformed all the other tests under consideration.
B. Simulation Study
Simulation studies were performed to assess the ability of each test under consideration to detect differentially expressed proteins under three levels of missing proportions. The simulation study was based on parameters associated with a fit of the Weibull distribution to the diabetes data at the protein level. The various tests under either random missingness or leftcensoring were applied to the data. Table 2 provides the power and type 1 error rates associated with each test under the three levels of missing proportions. Overall, the AFT model tends to outperform all the tests considered, and the non-parametric tests had the least power to detect any differentially expressed proteins. The AFT model had the highest power under all three levels of missingness. We therefore recommend the use of the Weibull-based AFT model that treats missing peak intensities as left-censored.
IV. CONCLUSION
In quantitative proteomics, it is often of interest to determine how proteins obtained from subjects under various treatment conditions differ. In this paper, we focused on various techniques for detecting such differential expressions at the protein level. We recognize the nature of peak intensity Fig. 1 . Normal probability plots of the raw peak intensity protein level data for nine randomly chosen proteins. The plots provide plots of the sample quantiles vs. the theoretical quantiles from the given distribution. The analysis is at the protein level where the peptide information was rolled up to the protein level by averaging across peptides associated with each protein. Fig. 2 . Weibull probability plots of the raw peak intensity protein level data for nine randomly chosen proteins. The plots provide plots of the sample quantiles vs. the theoretical quantiles from the given distribution. The analysis is at the protein level where the peptide information was rolled up to the protein level by averaging across peptides associated with each protein. data as positive data prone to missingness due mostly to leftcensoring. We propose using methods from survival analysis to detect any differences at the protein level. Based on our application of the various techniques to the diabetes data, we find that applying the accelerated failure time model under the Weibull distribution with left-censoring had the highest power to detect any group differences. Our simulation study confirms the benefit of treating the missing data as left-censored and applying the accelerated failure time models. Overall, we would recommend treating raw peak intensity data as positive and left-censored data and apply survival methods such as the accelerated failure time model with the Weibull distribution to determine any differentially expressed proteins.
